Abstract: Satellite-based remote sensing of active fires is the only practical way to consistently and continuously monitor diurnal fluctuations in biomass burning from regional, to continental, to global scales. Failure to understand, quantify, and communicate the performance of an active fire detection algorithm, however, can lead to improper interpretations of the spatiotemporal distribution of biomass burning, and flawed estimates of fuel consumption and trace gas and aerosol emissions. This work evaluates the performance of the Spinning Enhanced Visible and Infrared Imager (SEVIRI) Fire Thermal Anomaly (FTA) detection algorithm using seven months of active fire pixels detected by the Moderate Resolution Imaging Spectroradiometer (MODIS) across the Central African Republic (CAR). Results indicate that the omission rate of the SEVIRI FTA detection algorithm relative to MODIS varies spatially across the CAR, ranging from 25% in the south to 74% in the east. In the absence of confounding artifacts such as sunglint, uncertainties in the background thermal characterization, and cloud cover, the regional variation in SEVIRI's omission rate can be attributed to a coupling between SEVIRI's low spatial resolution detection bias (i.e., the inability to detect fires below a
Introduction
The ignition and propagation of landscape fires burning across Africa follows the diurnal cycle of local weather [1] . Savanna fires are typically lit earlier in the day [2] , and as the day progresses, hotter and drier conditions in the afternoon promote faster fire spread rates, longer active fire perimeters, and increased fireline intensities [3] . After the mid-day peak in optimum burning conditions, air temperature decreases, relative humidity increases, and fire behaviour subsides. Whilst smaller agricultural and pastoral fires tend to extinguish during the evening [4] , many uncontrolled fires burning across Africa's uninterrupted landscapes persist well into the night [2] .
Satellite-based remote sensing of active fires is perhaps the only practical way to consistently monitor diurnal fluctuations in fire behavior at regional to continental scales [5] . At present, however, polar-orbiting sensors only observe ground locations along the equator up to four times daily. Consequently fires with lifetimes shorter than the overpass return interval of a polar-orbiting sensor may remain undetected. Even if a fire is detected by a polar-orbiting sensor, the overpass schedule coupled with variations in sensor scan angle will inevitably limit and confound a reconstruction of the fire's diurnal cycle [6, 7] . Although several methods have been developed to overcome the inability of a polar orbiting sensor to characterize the full diurnal cycle of fire activity (e.g., [8] [9] [10] [11] ) these techniques require the accumulation of active fire pixels into large spatiotemporal windows to produce "aggregate" or "average" diurnal cycles representative of broad geographical regions and entire fire seasons. Although such generalized diurnal cycles of fire activity may be indicative of synoptic scale land use practices and meteorology, an "aggregate" or "average" diurnal cycle may not represent any particular event since fires at finer spatiotemporal resolutions are increasingly influenced by the actual timing of ignition and the local weather conditions.
In contrast, geostationary sensors offer identical views of the same ground location at high repetition rates and therefore (i) offer more opportunities to detect and characterize fires that may not have been burning (or burning as vigorously) at the overpass time of a polar-orbiting sensor (e.g., [12] ); and (ii) are more amenable for directly measuring diurnal cycles of fire activity [13] [14] [15] . Nevertheless the ability of geostationary sensors to monitor diurnal cycles of fire activity is limited. Due to their much higher orbits, geostationary sensors typically have larger instantaneous geometric field of views (IGFOVs) than polar-orbiting sensors. A larger IGFOV subtends a larger ground area and effectively reduces the fraction of a pixel occupied by fire. This in turn diminishes the ability of a geostationary sensor to discriminate smaller and/or lower intensity fires from the non-fire surroundings (e.g., [16] ). In addition to this "low spatial resolution detection bias", cloud cover also prohibits geostationary sensors from acquiring near-continuous observations of fire activity by either completely obscuring the land surface or, at the very least, confounding the background temperature statistics required to define contextual thresholds [17, 18] .
Despite the aforementioned caveats of characterizing diurnal cycles of fire activity from geostationary sensors, modern applications are using high-frequency observations of active fire pixel counts [19] , sub-pixel active fire area (e.g., [20] ), and fire radiative power, FRP (e.g., [15, 21] ), to generate diurnal cycles of trace gas and aerosol emission fluxes (e.g., [22] ) and smoke injection heights (e.g., [23, 24] ), which when input into atmospheric transport models can be used to forecast plume dispersion and air quality (e.g., [25, 26] ). As cautioned by Eva and Lambin [8] , however, a failure to understand the accuracy and limitations of satellite-based fire products could lead to improper interpretations of the spatiotemporal pattern of biomass burning (e.g., [27, 28] ) and flawed estimates of fuel consumption and smoke production (e.g., [29, 30] ).
Given the operational and scientific attractiveness of monitoring diurnal cycles of fire activity, it is imperative that geostationary active fire detection algorithms be validated. Therefore, as part of an on-going effort to evaluate the performance of the Spinning Enhanced Visible and Infrared Imager (SEVIRI) Fire Thermal Anomaly (FTA) detection algorithm, this work compares near-simultaneous SEVIRI and Moderate Resolution Imaging Spectroradiometer (MODIS) observations of fire activity across the Central African Republic (CAR; Figure 1 ). In addition to quantifying SEVIRI's omission and commission rates relative to MODIS, this work examines the design features and observation conditions that influence the evaluation of the FTA detection algorithm.
Datasets

The SEVIRI Active Fire Products
Since 2008 the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) Land Surface Analysis Satellite Applications Facility (LSA SAF) has been using the FTA detection algorithm to operationally generate the Meteosat SEVIRI FRP-PIXEL product every 15-min within four sub-continental windows covering Europe, northern Africa, southern Africa, and South America [31, 32] . Each LSA SAF product is assigned a status as it evolves through its lifecycle, from "in development" during its inception to "operational" when it's mature. Whether a product is declared operational (after review by a steering group) depends on the assessment of several factors affecting the product quality, including, but not limited to, scientific and engineering validation efforts, related services (e.g., timeliness and dependability of delivery and archiving), and documentation (e.g., algorithm theoretical basis documents, product user manuals, and validation reports). The FTA detection algorithm identifies SEVIRI pixels containing active fires based upon the detection strategies first developed by Roberts et al. [17] and refined by Roberts and Wooster [33] . After passing the detection stages, the fire radiative power emitted from each SEVIRI "3 km" active fire pixel is calculated using the middle infrared (MIR) radiance method [34, 35] and is corrected for atmospheric transmissivity, τ atm , using the 3-hourly total column water vapour (TCWV) fields produced by the European Centre for Medium Range Weather Forecasting, ECMWF [31] . Although the IGFOV of SEVIRI varies depending on view zenith angle (VZA), the use of the term "3 km" here refers to SEVIRI's nominal ground sampling distance (GSD) between pixel centers at the sub-satellite point (SSP).
The operational FRP-PIXEL product is accessible via the LSA SAF website [36] and in near-real time on the EUMETCAST satellite data transmission system as a pair of Hierarchical Data Format (HDF) files. The "list file" contains amongst other information a record of the image acquisition time, geographic coordinates, and atmospherically corrected FRP associated with each SEVIRI active fire a.
b.
c. d.
pixel [32] . The "quality file" is a mask with the same dimensions as a sub-continental window indicating the processing status of every SEVIRI thermal pixel [32] . Not all of the 12 original quality flags were relevant to this study so the classification scheme was condensed into the following seven categories: (i) fire pixel; (ii) non-potential fire pixel; (iii) pixel affected by sunglint or pixel where the test for sunglint failed; (iv) pixel without a defined background temperature; (v) potential fire pixel that could not be confirmed as a true fire pixel since it did not breach the contextual detection thresholds; (vi) pixel affected by clouds or cloud edges; and (vii) other.
The MODIS Active Fire Products
The MODIS Level 2 Collection 5 Active Fire Products (abbreviated MOD14 for Terra and MYD14 for Aqua) provide the most basic level of information about active fire pixels detected within a 2340 km × 2030 km granule [37] . Absolute, multi-channel, and contextual detection thresholds are used to identify MODIS "1 km" fire pixels [38, 39] , and a single waveband approach is used to calculate the FRP emitted from each fire pixel [40, 41] . Although the IGFOV of MODIS varies with scan angle [42] , the use of the term "1 km" here refers to the nominal GSD between MODIS pixel centers at nadir.
The MODIS fire pixel table and fire mask are consolidated into a single HDF file downloadable from NASA's Earth Observing System (EOS) Clearinghouse (ECHO) Reverb client [43] . The MOD/MYD14 fire pixel tables contain amongst other information a record of the observation time, geographic coordinates and FRP for each active fire pixel. The MODIS fire mask has the same dimensions as a granule (e.g., 1354 samples × 2030 lines), and all pixels in the granule are assigned one of the following classes: (i) unprocessed; (ii) water; (iii) cloud; (iv) non-fire clear land; (v) unknown; or (vi) low-; (vii) nominal-; or (viii) high-confidence fire pixel [37] .
Selection of the Datasets and the CAR as a Study Site
The decision to assess SEVIRI's active fire detection performance using the MODIS active fire products is based on four reasons. First, the near-nadir detection performance of MODIS Terra has been comprehensively validated over a global range of biomes, fire regimes, and atmospheric conditions using coincident 30 m Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) observations [16, [44] [45] [46] . Second, the MODIS active fire products have previously been used to evaluate alternative SEVIRI active fire detection algorithms (e.g., [17, 33, 47, 48] ). If the same MODIS reference dataset is used to evaluate SEVIRI's detection performance, then different SEVIRI active fire detection algorithms can be more consistently and confidently compared with one another. Third, by evaluating SEVIRI against MODIS, results herein can be used to inform and facilitate the assimilation of the SEVIRI and MODIS active fire products, providing an opportunity to alleviate both SEVIRI's low spatial resolution detection bias as well as the 3 h and 9 h gaps between MODIS overpasses. And finally, using MODIS as the "needle" and the MOD/MYD14 active fire products as the "thread" may be the best possible way to "stitch" SEVIRI into a network of geostationary sensors designed to achieve near global diurnal fire monitoring [49] .
The Central African Republic (CAR) was selected as a study site based on the criteria proposed in a joint venture between the Global Observation of Forest Cover (GOFC) Fire Implementation team and the Committee on Earth Observing Satellites (CEOS) Land Product Validation (LPV) subgroup [50] . First, a substantial amount of fire activity occurs in the CAR. According to burned area estimates by Giglio et al. [51] , the Global Fire Emissions Database, GFEDv.3.1 [52] , reports that biomass burning in the CAR accounted for between 19% and 29% of the annual pyrogenic carbon budget in the northern hemisphere of Africa, emitting on average 107 TgCyr −1 between 1997 and 2010.
The CAR was also selected as a study site since it encompasses a strong geographical gradient of fire regimes and land use practices [53, 54] . Massive fire fronts tens of kilometres long set by hunters and fanned by Harmattan winds stretch along the CAR's eastern border with South Sudan while smaller agricultural fires set by farmers and pastoralists are speckled throughout the country [8, 55] . This gradient is highlighted in Figure 1 using all SEVIRI active fire pixels detected between 1 October 2008 and 30 April 2009, coinciding with a single fire season [56] . Figure 1b ,c illustrate that on a seasonal basis, SEVIRI generally measures more fire radiative energy (FRE) and a greater proportion of FRE during the night (19:00 to 07:00 local time) in the east of the CAR compared the west. Indeed Figure  1c reaffirms previous findings that although most fires in the CAR are lit during the day and exhibit strong diurnal cycles [1] , only the fires in the east tend to burn through the night [8, 55] . Since high measurements of FRE can be driven either by persistent fire pixels (i.e., fires that are detected within the same pixel over multiple time slots) or by high measurements of FRP, a map of the maximum FRP detected by SEVIRI in Figure 1d indicates that on an instantaneous basis, fires in the east either burn with greater reaction intensities or occupy a greater fraction of a SEVIRI pixel. The east-to-west difference in active fire area and contiguity (as illustrated in Figure 2 using two separate 500 m MODIS band 7 images) reaffirms previous findings that fires in the east typically have longer fire fronts than those in the west [55] . Finally but perhaps most importantly, the CAR was selected as a study site because of a long and well-documented history of satellite-based fire monitoring in the region. Rather than selecting a relatively unknown fire regime, this work leverages the understanding of fire behaviour gained from previous studies in the CAR, and references this information to substantiate our interpretations of the more recent SEVIRI and MODIS active fire products.
Methods
Preprocessing
To compare simultaneous SEVIRI and MODIS observations of the same fires, seven months of SEVIRI active fire pixels detected between 1 October 2008 and 30 April 2009 were clipped from the operational FRP-PIXEL product based on the timing (±8 min) and boundaries of the MODIS Terra and Aqua granules [57] . This procedure essentially reduced SEVIRI's imaging frequency of a ground location in the CAR from 96 times per day to approximately four times per day coinciding with the repeat cycle of the MODIS ground track. In addition, the raw FRP values retrieved from the MOD/MYD14 datasets were adjusted to account for atmospheric transmittance in the MODIS 3.9 µm spectral band. Similar to the LSA SAF processing of the SEVIRI active fire pixels [31] , the per-pixel FRP measured by MODIS was adjusted based on τ atm , which itself was calculated according to (i) the MODIS view zenith angle; and (ii) the TCWV matched to the timing and location of the MODIS active fire pixels. Although the SEVIRI-derived active fire dataset used here represents some of the earliest records in the operational FRP-PIXEL archive, the algorithms and FRP-PIXEL and MODIS active fire product versions have not changed since this time, and this date window conveniently overlaps the timing and/or area where Freeborn et al. [57, 58] assimilated the same SEVIRI and MODIS active fire products. The conclusions of this study are therefore expected to be valid for the currently produced data coming from these systems.
Identifying Regions of Interest (ROIs)
Freeborn et al. [58] show that for cumulative observations of the same fires, the ratio of the annual sum of FRP measured by SEVIRI to that concurrently measured by MODIS is (i) always less than one; and (ii) spatially variable across Africa (see Figure 4 in Freeborn et al. [58] ). Here the seasonal sum of FRP measured by SEVIRI at the MODIS overpass times was divided by that concurrently measured by MODIS to calculate a seasonal SEVIRI-to-MODIS ratio of FRP, ϕ FRP , at 0.5° grid cell resolution, as follows: The map of ϕ FRP at 0.5° grid cell resolution ( Figure 3) indicates that seasonal sums of coincident SEVIRI and MODIS measurements of FRP agree more closely in the north and east of the CAR compared to the south and west. Since on an instantaneous basis only a small bias exists between coincident SEVIRI and MODIS measurements of the FRP emitted from fire pixel clusters detected by both sensors [17, 33, 59 ], we hypothesize that (i) ratios of ϕ FRP are less than one due to SEVIRI omission errors; and (ii) the spatial gradient of ϕ FRP across the CAR is due to a coupling between the sensitivity of the SEVIRI FTA detection algorithm and a geographic variation in active fire characteristics.
In an effort to explain the geographical gradient of ϕ FRP (as shown in Figure 3 ), the performance of the SEVIRI FTA detection algorithm is henceforth evaluated within four 1.0° regions of interest (ROIs) strategically placed across the CAR (Figures 1a and 3 ). The size of the ROIs was selected to capture a sufficient number of concurrent observations, and the placement of the ROIs was subjectively selected to satisfy two objectives: first, to capture the widest possible range of ϕ FRP between the ROIs, and second, to minimize the variability of the four 0.5° values of ϕ FRP within each 1.0° ROI. Whereas the former objective is intended to sample the broadest possible range of fire behaviour and observation conditions across the CAR, the latter is intended to identify regions of relatively homogeneous fire behaviour and observation conditions. Due to SEVIRI's geostationary projection, there are 1132, 1160, 1228, and 1192 SEVIRI thermal pixels within ROIs 1, 2, 3, and 4, respectively. 
SEVIRI Errors of Omission and Commission
The performance of the FTA detection algorithm is evaluated in each ROI by quantifying SEVIRI's errors of omission and commission relative to MODIS. All MODIS active fire pixels (regardless of their detection confidence) were assigned to an individual SEVIRI image coordinate (i.e., column and row number) depending on whether the centre latitude and longitude of a MODIS active fire pixel fell within the ground footprint of a SEVIRI thermal pixel. SEVIRI's pixel boundaries were simply drawn at a distance halfway between adjacent SEVIRI pixel centres (Figure 4 ). For every concurrent observation, a record was kept of whether SEVIRI or MODIS detected a thermal anomaly at each SEVIRI image coordinate. Since the GSD of SEVIRI is coarser than MODIS at nadir, it is possible for a SEVIRI thermal pixel to contain several MODIS active fire pixels for any concurrent observation. All information about MODIS active fire pixels is preserved at each SEVIRI image coordinate. Despite its simplicity, this remapping technique remains unsatisfying due to the shape, orientation, and overlap of the IGFOV and point spread function (PSF) of both sensors. In reality, SEVIRI's detectors are diamond shaped, oriented at 45° with respect to the E-W and N-S directions, and the PSF of SEVIRI at the SSP extends ~5 km from the pixel centre [60] . Hence SEVIRI is theoretically sensitive to thermal anomalies located up to 5 km from the nominal pixel centre [60] , and SEVIRI's active fire detection pattern may resemble a plus sign or a square ring in image space [60] . Meanwhile the focal plane layout and scanning design of MODIS induces (i) a 2 km triangular PSF that overlaps in the along-scan direction; and (ii) substantial scan-to-scan overlap at scan angles greater than 24° [42] . Consequently it is possible for MODIS to detect the same fire in adjacent along-scan pixels [44] as well as in consecutive scans [42, 57] .
To mitigate these caveats, a 3 × 3 window is inspected around the target SEVIRI pixel, and SEVIRI's detection performance is evaluated based on the MODIS active fire pixels found within this 3 × 3 window (Figures 4 and 5 ). In addition, the status flags of the centre (target) SEVIRI pixel and the eight surrounding SEVIRI pixels are retrieved from the FRP-PIXEL quality file ( Figure 5 ). Inspecting this 3 × 3 window crudely-but conveniently-accounts for uncertainties in (i) the geometry and overlap of the PSF of SEVIRI and MODIS; and (ii) the geolocational accuracy of both active fire products. For each SEVIRI image coordinate that contains a SEVIRI or a MODIS active fire pixel, a 3 × 3 window is centred on the target pixel and the adjacent SEVIRI pixels are inspected to evaluate SEVIRI's detection performance. In addition, the status flags of the SEVIRI pixels within the 3 × 3 window are retrieved from the FRP-PIXEL quality file and are used to explain SEVIRI's active fire errors of omission. Label (A) represents a confirmed SEVIRI active fire pixel (i.e., no omission or commission error). Label (B) highlights a SEVIRI error of omission surrounded only by cloud-free land pixels that are not potential fire pixels. Label (C) also indicates a SEVIRI error of omission, but here the error is attributed to the presence of cloud pixels. Label (D) is an example of two SEVIRI errors of commission. A SEVIRI active fire pixel is confirmed, and no omission or commission error is considered to occur, if a MODIS active fire pixel is found either (i) within a SEVIRI active fire pixel; or (ii) within a 3 × 3 window surrounding a SEVIRI active fire pixel. Such a scenario is labelled as (A) in Figure 5 . A SEVIRI omission error is considered to occur if no SEVIRI active fire pixel is found at the centre SEVIRI image coordinate containing the MODIS active fire pixel or within the 3 × 3 surrounding window. If the centre and the eight surrounding SEVIRI quality flags are all classified as "non-potential fire pixels", then the MODIS active fire pixel is considered to be unconditionally missed by SEVIRI. This scenario is identified as (B) in Figure 5 . If, however, SEVIRI fails to detect a MODIS active fire pixel (i.e., there are no SEVIRI active fire pixels within the 3 × 3 surrounding window), and the processing status of any SEVIRI pixel within the 3 × 3 window is anything other than a "non-potential fire pixel", then the SEVIRI omission error is categorized according to the artefact that may have prevented the detection. For example, SEVIRI omission errors can be attributed to sunglint, vagaries in the background characterization, or clouds, as depicted as (C) in Figure 5 . Seasonal SEVIRI omission errors in each ROI are calculated as the ratio of the number of MODIS active fire pixels not adjacent to a SEVIRI active fire pixel versus the total number of MODIS active fire pixels detected in the ROI.
For each concurrent observation, a SEVIRI active fire pixel is considered to be a commission error if no MODIS active fire pixels are found within the SEVIRI active fire pixel or within the 3 × 3 surrounding window, as illustrated as (D) in Figure 5 . Seasonal SEVIRI commission errors are calculated in each ROI as the ratio of the number of SEVIRI active fire pixels detected in isolation (i.e., not adjacent to a MODIS active fire pixel) versus the total number of SEVIRI active fire pixels detected in the ROI.
Constructing and inspecting the 3 × 3 windows shown in Figures 4 and 5 is technically similar to searching for pixels within a given distance (e.g., km) surrounding a SEVIRI or MODIS active fire detection. The novelty here, however, is that the search distance is "normalized" to the SEVIRI pixel dimension and therefore varies depending on the location within the Earth disk relative to the Meteosat SSP. Although we have not formally analyzed the sensitivity of SEVIRI' omission and commission rates to the size of this window, we would expect better agreement between SEVIRI and MODIS as the search window expands, e.g., see [47] .
Results
A summary of the seasonal sum of FRP measured near-simultaneously by SEVIRI and MODIS is presented in Table 1 . Whereas MODIS measured ~3.7 times more seasonal FRP in ROI 1 than in ROI 4 (341.4 GW vs. 93.1 GW), SEVIRI measured ~7.6 times more seasonal FRP in ROI 1 than in ROI 4 (256.8 GW vs. 34.0 GW). Hence the geographic variation in ϕ FRP (as shown in Figure 3 ) arises due to the fact that compared to MODIS, SEVIRI observes a much stronger gradient of fire activity across the CAR.
As part of the criteria used to subjectively locate the ROIs, values of ϕ FRP at 1.0° grid cell resolution continually decrease from 0.75 in ROI 1 to 0.37 in ROI 4 ( Table 1) . Though not reported in Table 1 , the four 0.5° values of ϕ FRP within each 1.0° grid cell remain within ±4% of the overall value for each ROI. Thus we confirm that the ROIs span a strong geographical gradient of observed fire activity, and we assume that fire behaviour and observation conditions are relatively uniform within each ROI. 
SEVIRI Errors of Omission and Commission
Seasonal SEVIRI omission rates relative to MODIS increased from a minimum of 25% in ROI 1 to a maximum of 74% in ROI 4 ( Table 2) . By contrast, SEVIRI commission rates relative to MODIS were less variable, remaining within ±8% of an overall commission rate of 24% calculated across all ROIs (Table 2 ). In the remainder of the results, we examine the design features of the SEVIRI and MODIS active fire detection algorithms-as well as the observation conditions-that affect sensor-to-sensor comparisons and thus the evaluation of the SEVIRI FTA detection algorithm relative to MODIS. Sunglint has only a minor impact on the performance of the SEVIRI detection algorithm. Regardless of the ROI, less than 4% of the MODIS active fire pixels that SEVIRI failed to detect were located adjacent to a SEVIRI thermal pixel affected by sunglint. In relative terms, sunglint accounted for no more than 5% of SEVIRI's omission rate in any ROI (Table 2 ).
SEVIRI's Background Thermal Characterization
In combination, the absence of a SEVIRI background temperature measurement and/or the failure of a potential SEVIRI fire pixel to breach the contextual background thresholds have a moderate impact on SEVIRI's active fire detection performance. Regardless of the ROI, less than 2% of the MODIS active fire pixels that SEVIRI failed to detect were located adjacent to a SEVIRI pixel without a defined background temperature, accounting for no more than 10% of SEVIRI's omission rate ( Table 2) . If SEVIRI did measure the background temperature, however, then between 5% and 17% of the MODIS active fire pixels missed by SEVIRI were located adjacent to a potential SEVIRI fire pixel that could not be confirmed as a true fire pixel since its thermal signal was not sufficiently above the background. In combination, the absence of, and/or vagaries in, the background thermal characterization procedure of the SEVIRI FTA algorithm may have accounted for between 22% and 33% of SEVIRI's omission rate with respect to MODIS in any ROI.
The SEVIRI and MODIS Cloud Masks
The cloud mask used during the processing of the FRP-PIXEL product has a substantial impact on the performance of the SEVIRI FTA detection algorithm, confounding no less than 30% of SEVIRI's omission rate in any ROI. Given the weight of this finding, we compared the SEVIRI and MODIS cloud masks used during the generation of both active fire products. The MODIS cloud cover fraction, f MODIS , within an ROI at any instant in timet was calculated as follows:
where N cloud (t) is the number of MODIS cloud pixels observed in the ROI at time t, and N total (t) is the total number of MODIS pixels covering the ROI at time t. Note that N total (t) for MODIS varies with t depending on the MODIS viewing geometry. For comparison, an analogous version of Equation (2) was also used to calculate the SEVIRI cloud cover fraction, f SEVIRI , within ±8 min of time t. Note that due to SEVIRI's geostationary projection, the number of SEVIRI thermal pixels in each ROI does not change over time. Figure 6a ,b illustrate that f SEVIRI is greater than f MODIS for 99% of the near-simultaneous observations. In one poignant example, the cloud mask used during the generation of the SEVIRI FRP-PIXEL product classified ROI 1 as 91% cloudy at the same time the cloud mask used during the generation of the MODIS fire product classified ROI 1 as 1% cloudy (Figure 7 ). This discrepancy is attributed to a high, thin layer of cirrus that was classified as clouds by SEVIRI in the FRP-PIXEL quality file, but was ignored by MODIS in the MYD14 fire mask. Neither is necessarily incorrect, but rather the definition of what constitutes a "cloudy pixel" differs between the detection algorithms. We re-visit this topic in more detail in Section 6. Figure 6 . Comparisons between the internal cloud mask used during the processing of the MODIS active fire products and the SAFNWC cloud mask used during processing of the SEVIRI FRP-PIXEL product. In (a) are 1139 concurrent observations of the instantaneous cloud cover fraction in each ROI shown in Figure 1a , calculated for MODIS, f MODIS , and SEVIRI, f SEVIRI (see Equation (2)). Observations in (a) are aggregated over all ROIs and sorted into 10% bins of f MODIS , as shown in (b).
SEVIRI's Low Spatial Resolution Detection Bias
The proportion of MODIS active fire pixels that SEVIRI failed to detect and were completely surrounded by SEVIRI non-potential fire pixels (i.e., cloud-free land pixels) continually increased from 4% in ROI 1% to 30% in ROI 4 ( Table 2) . Thus in the absence of confounding artefacts, SEVIRI unconditionally missed more MODIS active fire pixels in the south and west of the CAR compared to the north and east. Without an alternative explanation for the failed detections, these statistics (more than any other presented here) demonstrate (i) the isolated impact of SEVIRI's low spatial resolution detection bias; and (ii) a geographic variability in SEVIRI's active fire detection performance. Depending on the location in the CAR, between 16% and 40% of SEVIRI's omission rate is attributable to a low spatial resolution detection bias.
In the absence of confounding artefacts, the probability that SEVIRI will detect a fire depends on a combination of the reaction intensity and the instantaneous area of the subpixel combustion components. Although it is possible to retrieve the effective temperature and area of a subpixel fire using either a "dual-band" algorithm [61] or a multi-spectral analysis (e.g., [62] ), these approaches were not attempted here due to the potentially large uncertainties in the retrieval of these parameters [63] . Instead two basic remote sensing parameters were used to infer differences in fire behaviour across the CAR:
(b) (a) i. Coherent with an increase in SEVIRI's omission rate, the median, mean, and maximum FRP measured by both MODIS and SEVIRI continually decreased from ROI 1 to ROI 4 ( Table 1) . The distributions of FRP used to derive the MODIS statistics are shown in Figure 8a . ii. An independent clustering of MODIS active fire pixels demonstrates that coherent with an increase in SEVIRI's omission rate, the cluster size of contiguous active fire pixels decreases from ROI 1 to ROI 4 ( Figure 8b ). Whilst the maximum cluster size progressively decreased from 29 active fire pixels in ROI 1 to six in ROI 4, solitary MODIS active fire pixels accounted for 29% of the clusters in ROI 1 and nearly 60% in ROI 4.
Hence we find that regional variations in the performance of the SEVIRI FTA detection algorithm coincide with a geographical gradient in observed active fire characteristics. 
SEVIRI's Detection Performance Stratified by Land Cover and Tree Cover
It is possible to argue that fire behaviour could be homogeneous across the CAR, and that other non-fire factors are influencing geographic variations in the SEVIRI and MODIS observations of fire activity. Whilst we cannot account for all spatial variables, we stratified SEVIRI's omission rate and MODIS measurements of FRP by land cover using the Global Land Cover 2000 (GLC2000) database [64] , and also by percent tree cover using the Global Land Cover Facility (GLCF) Version 3 of the Collection 4 Vegetation Continuous Field (VCF) product [65] .
Despite stratifying active fire pixels into GLC2000 classes, differences in SEVIRI's omission rate were found between the ROIs even within the same land cover class (Table 3) . Meaningful results are limited here to the "Deciduous woodland" since this class occupies 83% of all ROIs, varying from 100% in ROI 1% to 67% in ROI 4. SEVIRI's omission rate in the "Deciduous woodland" ranged from a minimum of 25% in ROI 1 to a maximum of 72% in ROI 4, and coherent with SEVIRI's omission rate, the median FRP measured by MODIS in the "Deciduous woodland" decreased from 41.8 MW in ROI 1 to 21.8 MW in ROI 4 (Table 3) .
SEVIRI's detection performance in the "Deciduous woodland" was further decomposed based on percent tree cover. Distributions of VCF percent tree cover in the "Deciduous woodland" (degraded to ~3 km resolution) are shown for each ROI in Figure 9a . Note that 93% of all SEVIRI active fire pixels detected in the "Deciduous woodland" were found under 20%-50% tree cover. SEVIRI's omission rate under this range of tree cover remained relatively constant within each ROI, but differed between the ROIs (Figure 9b ). In addition, Figure 9c demonstrates that the median FRP measured by MODIS under 20%-50% tree cover in the "Deciduous woodland" remained relatively constant within each ROI (±6 MW), but differed between the ROIs. Figure 9 . SEVIRI's detection performance and MODIS' measurements of FRP in the "Deciduous woodland" landcover class [64] stratified by vegetation continuous fields (VCF) percent tree cover [65] . Distributions of 500 m VCF percent tree cover in the "Deciduous woodland" degraded to 3 km resolution are shown in (a). SEVIRI's active fire errors of omission as a function of percent tree cover in "Deciduous woodland" are shown in (b). Note that numbers in (b) represent the count of SEVIRI thermal pixels used to calculate SEVIRI's omission rate, and that 93% of SEVIRI active fire pixels were detected under 20%-50% tree cover (shaded). The median FRP measured by MODIS in "Deciduous woodland" is presented as a function of tree cover in (c).
Based on this evidence we suggest that it is possible for SEVIRI's detection performance and MODIS measurements of FRP to vary substantially within similar vegetation types and canopy structures across the CAR, indicating that spatial variations in vegetation characteristics are not the primary cause of variations in the FTA detection performance with respect to MODIS.
Impacts of Viewing Geometry on SEVIRI's Detection Performance
The sub-pixel fraction occupied by a fire (and thus the probability of detecting a fire) decreases as pixel area increases with increasing scan angle [66] . Therefore the combination of SEVIRI and MODIS viewing geometries will inevitably affect the evaluation of SEVIRI's detection performance-particularly at extreme MODIS scan angles where nominal SEVIRI and MODIS pixel areas are nearly equivalent in the CAR.
SEVIRI's errors of omission and commission presented in Table 2 were calculated without regard to scan angle. Although SEVIRI view zenith angles in ROI 1 are greater than in ROI 3 (corresponding to larger ground footprints), SEVIRI's omission rate is considerably lower in ROI 1 than in ROI 3. Since larger SEVIRI pixels would imply greater errors of omission, this contradiction suggests that other factors besides SEVIRI's view zenith angle (e.g., active fire characteristics) have a greater influence on SEVIRI's active fire detection performance across the CAR.
Independent of the ROI in which fire pixels were detected, Figure 10a demonstrates that the evaluation of SEVIRI's omission rate depends on MODIS scan angle. The decrease in SEVIRI's omission rate as a function of MODIS scan angle is attributed to the decreased ability of MODIS to detect low FRP pixels towards the scene edges [57, 67] . After accounting for atmospheric transmissivity, the minimum FRP measured by SEVIRI in all ROIs was 9.1 MW (Table 1) . For comparison, MODIS measured no less than ~10 MW for fire pixels detected in all ROIs above a scan angle of 33° (Figure 10b ). Although the minimum detection limit of MODIS at the swath edges (~50 MW) is well above SEVIRI's minimum detection limit, SEVIRI's omission rate evaluated at MODIS scan angles above of 50° does not completely drop to zero, but instead only decreases to ~18%. Upon closer examination, the majority (89%) of SEVIRI's errors of omission located at the MODIS swath edges were confounded by sunglint, uncertainties in the background characterization, or cloud cover.
The rise in the commission rate of the SEVIRI FTA detection algorithm towards the MODIS scene edges (Figure 10a) is also attributed to an increase in the MODIS active fire omission rate away from nadir. Since SEVIRI is able to detect active fire pixels with an FRP less than the MODIS minimum limit of ~50 MW at the swath edges, it is quite possible that SEVIRI errors of commission at extreme MODIS scan angles may not be false alarms, but rather true fires that MODIS failed to detect due to the increased pixel size at the MODIS scene edges.
To report a more genuine estimate of SEVIRI's true active fire detection performance, sensor-to-sensor comparisons were limited to MODIS scan angles within ±18.3° of nadir (i.e., within ±235 km of MODIS nadir). Within this central portion of the MODIS swath, where the MODIS active fire detection performance has been well characterised using co-incident ASTER observations [16, [44] [45] [46] , SEVIRI's omission and commission rates in ROIs 1, 2, 3, and 4 were recalculated as 34%, 52%, 70%, and 82%, and 4%, 11%, 14%, and 10%, respectively. If accumulated over all ROIs, then SEVIRI's overall omission and commission rates in the CAR evaluated near MODIS nadir were 59% and 9%, respectively, which agree quite well with previously reported monthly values ranging between 54%-57% and 6%-8%, respectively [33] . 
Verification of the Seasonal Radiative Energy Budget
Here we examine our assumptions that (i) SEVIRI and MODIS measure the same FRP emitted from simultaneously detected fires; and (ii) that sensor-to-sensor differences in the seasonal radiative energy budgets (see Table 1 and Figure 3 ) are attributed to SEVIRI omission errors. Instantaneous comparisons between SEVIRI and MODIS measurements of FRP were strictly limited to clusters of contiguous active fire pixels surrounded only by SEVIRI "non-potential fire pixels" (i.e., cloud-free land pixels), referred to hereafter as "well observed fires". The correlation between SEVIRI and MODIS (R 2 = 0.61 for n = 282 clusters over all ROIs) shown in Figure 11a is slightly lower than that reported by Roberts et al. [17] , but a bias of −14.2 MW (calculated as the mean difference between all observations) and a scatter of 290.4 MW (calculated as the standard deviation of the differences between all observations) agrees quite well with Roberts et al. [17] . Figure 11b , however, indicates that for well observed fires, SEVIRI does not universally measure less FRP than MODIS. Despite the scatter, SEVIRI tends to measure more FRP than MODIS for low FRP clusters and less FRP than MODIS for high FRP clusters. If comparisons of well-observed fires are limited to MODIS measurements of FRP between 40 MW and 3000 MW then the bias and the scatter reduce to −1.3 MW and 212.0 MW, respectively-agreeing quite well with the analysis and results of Roberts and Wooster [33] .
A low bias indicates that for aggregations of numerous, simultaneous observations over the entire fire season, and over all ROIs, SEVIRI and MODIS measure on average the same FRP emitted from well observed fires. Interestingly, however, Figure 11b suggests that SEVIRI's overestimation of MODIS at low MODIS measurements of FRP tends to balance out SEVIRI's underestimation of MODIS at high MODIS measurements of FRP. Indeed we find that the summed FRP measured by a.
SEVIRI over all well observed active fire pixel clusters detected in all ROI's during the fire season agrees within ±5% of that measured by MODIS. Therefore we quantitatively confirm our assumptions and reaffirm the assertion of Roberts et al. [17] that for concurrent and collocated observations, differences between the regional and seasonal radiant heat budgets measured by SEVIRI and MODIS are attributed to SEVIRI omission errors. Figure 11 . Comparison between the fire radiative power (FRP) emitted from well-observed fire pixel clusters simultaneously detected by SEVIRI and MODIS. All clusters are completely surrounded by SEVIRI "non-potential fire pixels". In (a) is the direct relationship, and in (b) is the ratio of the FRP measured by SEVIRI to that measured by MODIS, ϕ FRP , on a cluster basis and sorted by the number of SEVIRI active fire pixels detected in each cluster. Note: SEVIRI clusters with >5 active fire pixels are not included in (b).
(a) (b)
SEVIRI's Daily Omission Rate
Omission rates presented in Table 2 indicate the ability of SEVIRI to detect active fires in the same location and at the exact same time as MODIS. A similar routine was used here instead to assess the ability of SEVIRI to detect fires at the same location and on the same day as MODIS. Re-evaluating SEVIRI's active fire detection performance on a daily basis (i.e., using all 96 SEVIRI observations and all four MODIS observations per day) revealed that SEVIRI's daily omission rate in ROIs 1, 2, 3, and 4 decreases to 3%, 12%, 31% and 41%, respectively. These results quantitatively affirm that although SEVIRI may fail to detect a fire concurrent with a MODIS overpass, at some time during the day the observation conditions may improve or the same fire may become powerful enough to trigger the FTA detection algorithm.
Conclusions
This work has used the MODIS active fire product to quantitatively asses the performance of the FTA active fire detection algorithm used to generate the Meteosat SEVIRI FRP-PIXEL fire product. Though comparisons were performed across a strong gradient of fire activity in the Central African Republic (CAR), such gradients are not uncommon in northern Africa, e.g., in Senegal [68] . Therefore rather than selecting validation sites across global variations in fire regimes, we suggest that steep geographical gradients in fire behavior may offer more localized opportunities to evaluate the active fire detection performance of SEVIRI and/or other satellite-based sensors.
Many tests are used by the FTA algorithm to discriminate SEVIRI pixels containing active fires whilst minimizing false alarms [38] . Mistakenly classifying sunglint as an active fire is an important issue that active fire detection algorithms must avoid by judicious use of multispectral tests (e.g., [38, 69] ). Although it is possible for such tests to also occasionally remove "true" fire pixels, we found sunglint to have a minor impact on SEVIRI's active fire detection performance. Instead, the FTA detection algorithms performance was more influenced by the absence of and/or uncertainties in the estimated background temperature surrounding potential fire pixels, a key parameter required for establishing the contextual thresholds used when confirming an active fire pixel as a true fire pixel [33] . Although it may be possible to design regional contextual detection thresholds (e.g., [70] ), this practice potentially results in higher commission (i.e., false alarm) rates. Moreover, the current FTA detection algorithm is already capable of identifying active fire pixels with MIR brightness temperatures only a few Kelvin above that of the background, so the detection criteria are likely already being pushed to their limits. Thus the scope for further refining the contextual detection criteria in the FTA algorithm with the aim of detecting a greater number of active fires appears rather limited.
Results here also indicate that the performance of the SEVIRI FTA detection algorithm is strongly affected by the cloud mask, accounting for no less than 30% of SEVIRI's active fire omission rate when compared to MODIS. The cloud mask used during the processing of the SEVIRI FRP-PIXEL product is generated every 15 min by the SAF to support NoWcasting and Very Short-Range Forecasting, SAFNWC [71] . The SAFNWC cloud mask explicitly aims to detect all types of clouds, with the goal of confidently identifying SEVIRI observations of the land surface uncontaminated by cloud [71] . In contrast, the tailored cloud detection algorithm used during the generation of the MODIS fire products is designed specifically for the active fire application to distinguish only larger, cooler, and optically thick clouds, and sacrifices the ability to discern thin cirrus and cloud edges in favour of reducing the possibility of misclassifying fire-affected pixels as cloudy [38, 39] . Other SEVIRI active fire detection algorithms have implemented different cloud detection strategies (e.g., [48, 72] ), and refinement of the cloud mask used for in the FRP-PIXEL product maybe warranted, though it should not be inferred that SEVIRI's omission rate relative to MODIS would decrease if an alternative cloud mask were used. Instead we simply agree with the suggestions of Calle et al. [72] that the performance of any SEVIRI active fire detection algorithm would very likely benefit from a custom cloud mask designed specifically for active fire detection applications.
Our results have demonstrated quantitatively that the performance of satellite-based active fire detection algorithms varies with geographical variations in active fire characteristics. Moreover, we found that SEVIRI's detection performance and MODIS active fire characteristics varied across the CAR even in the same land cover and percent tree cover, suggesting that it is possible for substantial differences in fire behaviour to occur within similar vegetation types and canopy structures found in the CAR. We concede, however, that SEVIRI's ground footprint subtends a distribution of landcover and percent tree cover such that the values of these parameters used to stratify SEVIRI and MODIS active fire pixels may not adequately represent the full nature of the landscape characteristics.
Due to an increase in the MODIS' active fire omission rate away from nadir [57] , the evaluation of the SEVIRI FTA detection algorithm depended on MODIS scan angle. Our results strongly suggest that viewing geometries must be taken into account if SEVIRI and MODIS observations are to be properly assimilated (e.g., [73] ).
We confirm a minimal bias between simultaneous SEVIRI and MODIS measurements of FRP of the same fire clusters, indicating that when both sensors detect the same fire they provide similar measurements of FRP. Hence we reaffirm the assertion of Roberts et al. [17] that sensor-to-sensor differences in regional/seasonal energy budgets are attributed to SEVIRI omission errors, specifically the fact that SEVIRI fails to detect many of the low FRP pixels that MODIS, by virtue of its smaller pixel area at nadir, can in theory detect. Results here further agree with Roberts et al. [17] and Roberts and Wooster [33] in so far as SEVIRI tends to measure more FRP than MODIS for low FRP active fire pixel clusters, and less FRP than MODIS for high FRP active fire pixel clusters. Without speculating on the reasons for this relationship, such behavior was also noticed in comparisons between MODIS and the Geostationary Operational Environmental Satellite (GOES) imager ( [74] ; Figure 2 
therein).
Since SEVIRI's active fire detection performance varies geographically due to spatial variations in active fire characteristics, and given that fire behavior fluctuates over the course of a day and over the course of a season, it can be inferred that SEVIRI's active fire detection performance also varies diurnally and seasonally. Although the coarse spatial resolution of geostationary images imposes a lower limit on the size and intensity (and thus FRP) of a detectable fire [17, 48, 72] , we find that the numerous observations per day afforded by SEVIRI can be utilized as a detection strategy, ultimately reducing omission rates when evaluated on a daily basis. Therefore we suggest that future work examine the cumulative impact of SEVIRI's instantaneous active fire detection performance on the characterization of longer term fire regime parameters, such annual fire occurrence and seasonality.
Overall this work has contributed significantly to the understanding of the performance of the SEVIRI FTA detection algorithm implemented at the LSA SAF to generate the operational Meteosat SEVIRI FRP-PIXEL product. It is expected that results herein will provide direction and focus for further improvements to the FTA detection algorithm. We also suggest that this work has important implications if SEVIRI observations are to be used to fill gaps between MODIS overpasses, or if SEVIRI is considered for inclusion into a network of geostationary satellites designed to achieve global diurnal active fire monitoring.
